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Abstract
The medial nucleus of the trapezoid body (MNTB) is one of the monaural cell groups situated within the superior olivary
complex (SOC), a constellation of brainstem nuclei with numerous roles in hearing. Principal MNTB neurons are glycinergic
and express the calcium-binding protein, calbindin (CB). The MNTB receives its main glutamatergic, excitatory input from
the contralateral cochlear nucleus via the calyx of Held and converts this into glycinergic inhibition directed toward nuclei
in the SOC and the ventral and intermediate nuclei of the lateral lemniscus (VNLL and INLL). Through this inhibition, the
MNTB plays essential roles in localization of sound sources and encoding spectral and temporal features of sound. In rats,
very few MNTB neurons project to the inferior colliculus. However, our recent study of SOC projections to the auditory
thalamus revealed a substantial number of retrogradely labeled MNTB neurons. This observation led us to examine whether
the rat MNTB provides a long-range projection to the medial geniculate body (MGB). We examined this possible projection using retrograde and anterograde tract tracing and immunohistochemistry for CB and the glycine receptor. Our results
demonstrate a significant projection to the MGB from the ipsilateral MNTB that does not involve a collateral projection to
the inferior colliculus.
Keywords Superior olive · Medial geniculate · Tract tracing · Inhibition
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+ 	Positive
BIC	Brachium of the inferior colliculus
CB	Calbindin
CN	Cochlear nucleus
CNIC	Central nucleus of the inferior colliculus
cp	Cerebral peduncle
D	Dorsal
dMG	Dorsal nucleus of the medial geniculate
DMW	Dorsal medial wedge
DNLL	Dorsal nucleus of the lateral lemniscus
ECIC	External cortex of the inferior colliculus
FB	Fast blue
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fBDA	Fluorescein tagged biotinylated dextran amine
FG	Fluorogold
GBC	Globular bushy cell
GlyR	Glycine receptor
GLYT2	Glycine transporter
IC	Inferior colliculus
LL	Lateral lemniscus
LNTB	Lateral nucleus of the trapezoid body
LSO	Lateral superior olive
M	Medial
MGB	Medial geniculate body
ml	Medial lemniscus
mMG	Medial nucleus of the medial geniculate
MNTB	Medial nucleus of the trapezoid body
MSO	Medial superior olive
NBIC	Nucleus of the brachium of the inferior
colliculus
NLL	Nuclei of the lateral lemniscus
NT	Neurotrace
P	Postnatal
PAG	Periaqueductal gray
PBS	Phosphate buffered saline
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PIL	Posterior intralaminar nucleus
PN	Pontine nuclei
PP	Peripeduncular nucleus
SC	Superior colliculus
scp	Superior cerebellar peduncle
SG	Suprageniculate nucleus
SN	Substantia nigra
SOC	Superior olivary complex
SPON	Superior paraolivary nucleus
v	Ventral
VCN	Ventral cochlear nucleus
VG	Ventral geniculate
vMG	Ventral nucleus of the medial geniculate
VNLL	Ventral nucleus of the lateral lemniscus
VNTB	Ventral nucleus of the trapezoid body

Introduction
The medial nucleus of the trapezoid body (MNTB) is one
of the constituent nuclei of the mammalian superior olivary
complex (SOC), a constellation of brainstem nuclei involved
in hearing. The MNTB is situated among axons of the trapezoid body and is composed mainly of principal neurons.
MNTB principal neurons have round/oval cell bodies and
in rats, typically give rise to one or two primary dendrites
(Morest 1968a, b; Banks and Smith 1992). MNTB principal
neuron cell bodies are ensheathed by perineuronal nets (Härtig et al. 2001; Hilbig et al. 2007; Schmidt et al. 2010; Blosa
et al. 2013) and are characterized by expression of the calcium binding protein calbindin (CB; Matsubara 1990; Kelley et al. 1992; Friauf 1993, 1994; see Kulesza and Grothe
2015) and the Kv3.1b potassium channel (Wang et al. 1998).
MNTB principal neurons receive their main excitatory input
from globular bushy cells (GBC) in the contralateral ventral cochlear nucleus (VCN; Morest 1968a, b; Friauf and
Ostwald 1988; Smith et al. 1991). This glutamatergic input
is delivered by large caliber, calretinin-positive axons that
form calyx of Held terminals enveloping MNTB principal
neurons (rats: Arai et al. 1991; Résibois and Rogers 1992;
Lohmann and Friauf 1996). The GBC–MNTB pathway is a
1 neuron:1 neuron circuit—a globular bushy cell projects to
a single MNTB principal neuron and each calyceal terminal includes hundreds of synapses and serves as a fast and
reliable relay of information from the VCN (Mc Laughlin
et al. 2008; Englitz et al. 2009; Altaher et al. 2021). While
MNTB principal neurons exhibit high spontaneous rates of
activity (20–30 spikes/sec in rats), their responses to sound
are dominated by the single calyx input and MNTB neurons
respond to pure tone stimuli with precise onset spikes followed by sustained responses; at the sound offset, MNTB
neurons have a short window of inactivity followed by a
return to spontaneous activity (Kulesza et al. 2003, 2007;
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Kadner et al. 2006, 2008; Kopp-Scheinpflug et al. 2008).
MNTB neurons also phase lock to low-frequency tones and
faithfully follow sinusoidally amplitude-modulated stimuli
up to 1000 Hz (Kulesza et al. 2003; Kopp-Scheinpflug et al.
2008). While MNTB principal neurons are GABAergic during the early postnatal period, they are exclusively glycinergic after hearing onset (rat: Ottersen and Storm-Mathisen
1984). Accordingly, MNTB principal neurons relay a tonic
inhibitory input to its targets with unsurpassed temporal
precision to sound onset and offsets (Borst and Soria van
Hoeve, 2017).
MNTB principal neurons project locally within the SOC
to the medial and lateral superior olives (MSO and LSO,
respectively; Spangler et al. 1985; Helfert et al. 1989), and
the superior paraolivary nucleus (SPON; Kuwabara et al.
1991; Banks and Smith 1992; Sommer et al. 1993; Kulesza
et al. 2007). The MNTB sends a descending projection to
the globular bushy cell area of the ipsilateral ventral cochlear nucleus (Schofield 1994) and ascending projections to
both the ventral and intermediate nuclei of the lateral lemniscus (VNLL, INLL; Spangler et al. 1985; Sommer et al.
1993; Smith et al. 1998; Kelly et al. 2009). Injections of
retrograde tracers into nuclei further rostral in the brainstem
such as the dorsal nucleus of the lateral lemniscus (DNLL)
and the inferior colliculus (IC) fail to reveal anything more
than the occasional retrogradely labeled MNTB neuron
(rat: Beyerl 1978; Druga and Syka 1984; Coleman and
Clerici, 1987; Kelly et al. 1998, 2009; Saldaña et al. 2009;
guinea pig: Schofield and Cant, 1992; cat: Adams 1979;
Brunso-Bechtold et al. 1981; gerbil: Nordeen et al. 1983;
Cant and Benson 2006; mole: Kudo et al. 1990). Ascending projections from SOC nuclei to the auditory thalamus
have received little attention (ferrets: Angelucci et al. 1998;
guinea pig: Schofield et al. 2014b; rat: Mansour et al. 2021).
In general terms, SOC projections to the medial geniculate
body (MGB) involve fewer neurons than corresponding
projections to the IC and the thalamic projections appear
to arise mainly from axons that issue collaterals to the IC
(Schofield et al. 2014b). In guinea pigs, a projection to the
MGB from the MNTB was limited to neurons with small,
elongate cell bodies (i.e., non-principal neurons; Schofield
et al. 2014b). However, during our study of olivogeniculate projections in rats (Mansour et al. 2021), we identified consistent retrograde labeling in the ipsilateral MNTB.
The findings of retrogradely labeled neurons in the MNTB
after injections in the MGB led us to investigate whether
the MNTB projects to the ipsilateral MGB and if this projection arises from principal neurons. A projection from
MNTB principal neurons to the MGB would be intriguing
as it would involve a direct, glycinergic projection to the
thalamus that does not also innervate the IC, which is considered an obligatory auditory relay station. We investigated
our hypothesis with injections of retrograde tract tracers in

Experimental Brain Research (2022) 240:3217–3235

the IC and MGB, injections of an anterograde tracer in the
MNTB, and immunohistochemistry for CB and the glycine
receptor (GlyR).

Materials and methods
All animal handling procedures were approved by the
LECOM Institutional Animal Care and Use Committee
(protocols #18–03, 19–04, 20–02 and 21–03) and were
conducted in accordance with the United States National
Institute of Health Guide for the Care and Use of Laboratory
Animals. All animals used in this study were maintained on
a 12-h light/dark cycle with unrestricted access to food and
water. This report is based on data collected from a total of
40 Sprague Dawley rats (25 male, 15 female).
Stereotaxic injections of the different tract tracers were
made in both male and female animals between postnatal
days (P) 50 and 65. Fast Blue (FB, 2.5% in water, Polysciences, Inc) and Fluorogold (FG, 4.0% in saline, Fluorochrome, LLC) were used for retrograde tracing, and dextran
tagged with both biotin and fluorescein (fBDA, 10 kDa MW;
Invitrogen) was used for anterograde axon tracing. Animals
receiving tracer injections were anesthetized with vaporized
isoflurane (5% isoflurane in oxygen for induction, 2–3%
for maintenance at 1.2 L/min). When animals were unresponsive to toe pinch, they were fitted with an anesthesia
mask and secured in a stereotaxic frame with non-rupture
ear bars. Body temperature was maintained with an electric
heating pad. The scalp was cleaned with iodine solution and
injected with 0.25% bupivacaine. The eyes were covered
with ophthalmic ointment or closed and covered over with
the anesthesia mask. A midline incision was made over the
parietal and occipital bones and the brain was approached
via stereotaxic craniotomy. All injections were made with
a tracer-dedicated 1 µl Hamilton KH Neuros syringe (32gauge, 4 point). The central nucleus of the inferior colliculus
(CNIC; n = 5) was approached 0.2 mm rostral to lambda,
1.5 mm to the right of the midline and injections of 100 nl of
FB or FG were made at depths of – 3.6, – 3.2 and – 2.6 mm.
Large injections of FG in the thalamus (n = 15; 2 × 100 nl)
were made 5.6 mm caudal to bregma, 3.4 mm to the right
of the midline at depths of – 5.8 and – 5.0 mm. Focal injections (60 nl; n = 10) of FG were made in and around the
MGB with only slight variations on the MGB coordinates
provided above. To examine any possible tracer uptake by
MNTB from spillage of tracer into the subarachnoid space
(Vetter and Mugnaini 1990), large deposits of FG were made
into cerebrospinal fluid. Specifically, two animals received
extra-parenchymal control injections of FG. One injection
was made using the same rostro-caudal coordinates for the
MGB injections but instead the 200 nl deposit of FG was
made into the subarachnoid space directly dorsal to the
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cerebral cortex. In addition, an injection of 800 nl of FG was
made into the subarachnoid space of the prepontine cistern
through the medial wall of the tympanic cavity. Injections
of the anterograde tracer fBDA (10% in 0.1 M sodium phosphate buffer, pH 7.4; Viñuela et al. 2011) into the MNTB
(n = 7) were made between + 0.2 and + 0.8 mm rostral to the
interaural line and between + 1.0 and 1.2 mm to the right of
the midline. Each animal received a single 100 nl deposit of
fBDA ranging from 9.3 to 9.5 mm from the dorsal surface
of the dura. Regardless of the injection, once the deposit was
made the syringe was left in place for 10 min to permit diffusion of the tracer. After the syringe was removed, the wound
was injected with lidocaine and sutured. The animals were
removed from anesthesia and placed in their home cage and
monitored until they were able to stand on all fours. Six day
post-surgery, animals were anesthetized with isoflurane and
perfused through the ascending aorta first with 0.9% saline
and then 4% paraformaldehyde (PFA) in phosphate buffered
saline (pH 7.4; “fixative”). Brains were dissected from the
skull and the right side (ipsilateral to the tracer injection)
was marked with a syringe needle; the entire brain was then
post-fixed for at least 24 h. Brains were cryoprotected in 30%
sucrose in fixative for at least 24 h before frozen sectioning.
Brains were sectioned at a thickness of 50 µm in the coronal
plane. Sections from brains with FB or FG injections were
collected from the cochlear nucleus through the injection
site in the IC or MGB in 3 wells. Sections from well 3 were
used to recover the injection site as previously described
(Mansour et al. 2021). Sections from well 2 were counterstained with Neurotrace Red (NT; Invitrogen), mounted onto
glass slides from cresyl gelatin, coverslipped with Entellan (Millipore Sigma) and photographed with an Olympus CKX41 microscope with epifluorescence and a DP71
camera. The rostrocaudal borders of the MNTB and SPON
were as previously delineated (Kulesza et al. 2002). Neurons
of the dorsal medial wedge (DMW) are situated between
the MNTB and SPON; these neurons are distinguished by
neuronal morphology, and projections to the CNIC and
MGB (Mansour et al. 2021). For each section including the
MNTB, two images were collected—one of NT (using a
rhodamine filter cube) and one of FB/FG labeling (using a
UV filter cube) using a 20 × objective. These images were
stacked using the z-stack feature in Fiji (Schindelin et al.
2012) to form a single layer image containing overlayed
NT and FB/FG labeling. Counts of FB/FG + MNTB neurons were made from 4 to 6 stacked images per animal. At
least 80 MNTB neurons were analyzed in each overlayed
image and counts from these 4–6 images were averaged,
resulting in a single percentage of FB/FG + MNTB neurons
per animal. In these images, neurons were considered FB or
FG + if they had blue or yellow fluorescent labeling within a
cell body contour. Neurons were considered negative if the
cell body demonstrated NT labeling and lacked any blue/
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yellow fluorescence. In Table 1, we re-examine previously
published data from our study of ascending projections to
the MGB from the rat SOC (Mansour et al. 2021) to demonstrate the relative size of the MNTB projection to the MGB.
Tissue sections from brains with fBDA injections were
collected in PBS in two separate series. First, sections from
the CN to the brachium of the IC (BIC) were collected in 3
wells. Every section from the MGB was collected in a single
well (well 4). Sections from well 3 that included the injection site were mounted from PBS and photographed using
a fluorescein filter cube. Sections from well 2 and 4 were
counterstained with NT and mounted onto glass slides from
cresyl gelatin, dried and coverslipped with Entellan (Millipore Sigma). Anterogradely labelled axon profiles were photographed with fluorescein filter cube using a 40 × objective
(final magnification of × 680). These images were imported
into cellSens Standard (version 1.15, Olympus) and the diameter of axon profiles was measured using the measure tool.
We used immunofluorescence to examine the distribution
of the calcium binding protein calbindin (CB) in the MNTB
and the glycine receptor (GlyR; n = 3) in the MGB. Brainstems were preserved and sectioned as described above. CBlabeling in MNTB neurons was examined in 6 animals that
received FG injections in the vMG (5 animals that received
large injections and 1 animal that received a focal injection and
had the most FG + MNTB neurons). Free-floating tissue sections were rinsed in PBS, blocked for 1 h in 1% normal horse
serum and 0.5% triton-X. Sections were incubated overnight in

primary antiserum (rabbit anti-calbindin [CB; 1:1000; AbCam:
ab229915], or rabbit anti-glycine receptor (α1 + α 2) [1:1000],
AbCam: ab23809) with 1% normal horse serum. The antibody
we used to identify the glycine receptor is a polyclonal that recognizes an epitope within the N-terminal region of both alpha
1 and alpha 2 subunits; the antigen was a synthetic peptide created from the N-terminal region of the rat glycine receptor. Sections were rinsed in PBS, incubated in goat anti-rabbit DyLight
488 (Vector Labs) for 2 h, rinsed and counterstained with NT.
Sections were mounted onto glass slides from cresyl gelatin and
coverslipped with Entellan. Photomicrographs were taken with
a DP71 digital camera on an Olympus CKX41 microscope or a
Leica TCS SP5 confocal microscope. For quantification of FG
and CB labeling in the MNTB, three images were taken from
each tissue section: one of FG labeling with the UV filter, one
of CB labeling with the fluorescein filter cube and one of NT
labeling with the rhodamine filter cube. The three images were
saved in Fiji as a scrollable gif stack. Counts were based on NT
labeled neurons—MNTB neurons were considered CB + if an
NT labeled profile colocalized CB immunolabeling in the stack.
Neurons were considered both FG and CB + if an NT labeled
profile colocalized both CB immunolabeling and FG labeling
in the image stack (i.e., triple labeled). Estimates of FG/CB
colocalization are based on averaged counts from at least 3 sections per animal.
GraphPad Prism (version 8, San Diego, CA) was used to
generate descriptive statistics and run all statistical comparisons. Data that fit a normal distribution are presented in the

Table 1  Proportion of SOC neurons projecting to the Medial Geniculate Body

Calculation
IL LSO
CL LSO
MSO
MNTB
IL VNTB
CL VNTB
IL LNTB
CL LNTB
IL SPON
CL SPON
IL DMW
CL DMW
SUM

Number of neurons in % Projecting to
nucleusa,b
MGBb,c
A
B

Total number of neurons
projecting to MGB
C

% of Total SOC neurons
projecting to MGB
D

2586
2586
1201
6268
3694
3694
2108
2108
2265
2265
2407
2407

A*B (%)
129.3
51.72
108.09
2256.5
443.28
36.94
358.36
84.32
453
67.95
842.45
409.19
5178

C/5178
2.50
1.00
2.09
43.6
8.56
0.71
6.92
1.63
8.75
1.31
16.27
7.90

5
2
9
36
12
1
17
4
20
3
35
17

The MNTB is in bold to emphasize the projection numbers for this nucleus
a

b
c

Zimmerman et al. 2020
Mansour et al. 2021
Mansour and Kulesza 2021
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IL + CL for nucleus
E
IL + CL
3.5
2.09
43.6
9.27
8.55
10.06
24.17
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text as mean ± standard deviation (SD); data that did not fit
a normal distribution are presented as the median with the
95% confidence interval of the median. Differences were
considered statistically significant if p values were < 0.05.

Results
Injections of the retrograde tracer FB or FG in the CNIC
resulted in retrograde labeling within neuronal cell bodies in
the contralateral CNIC and DNLL, ipsilateral NLL, bilateral
SOC (mainly LSO, SPON and MSO) and contralateral CN
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(Zimmerman et al. 2020). In the SOC, there were numerous
retrogradely labeled somata in the MSO, SPON, and DMW
(Fig. 1A, B). However, in the MNTB only 1.5 ± 0.89% of
neurons ipsilateral to the injection (~ 94 neurons/brain)
and 0.19 ± 0.24% neurons contralateral to the injection site
(~ 12 neurons/brain) were retrogradely labeled (Fig. 1A, B).
LNTB neurons were also retrogradely labeled after CNIC
injections. Specifically, 20.8 ± 15.5% of LNTB neurons
(~ 443 neurons/brain) were retrogradely labeled ipsilateral
to the injection and 34.3 ± 15.4% of LNTB neurons (~ 716
neurons/brain) were labeled contralateral to the injection
(Fig. 1B).

Fig. 1  Retrograde labeling
from FG deposits in the CNIC
and MGB. Shown in A is a
schematic of a representative
FG injection site in the CNIC.
After CNIC injections, less than
2% of MNTB neurons were
FG + . Shown in Fig. B is a
section through the SOC after
FG injection in the ipsilateral
CNIC. Numerous FG + neurons
are found in the SPON, MSO,
and DMW; however, only a
single FG + MNTB neuron was
found (yellow arrowhead). A
FG + LNTB neuron is indicated
by a white arrowhead. Shown in
C is a schematic of a representative FG injection in the MG and
numerous FG + neurons in the
ipsilateral MNTB. Shown in D
is a section through the SOC
after FG injection in the MGB.
There are numerous FG + neurons in the ipsilateral MNTB;
in this particular case 53% of
MNTB neurons ipsilateral to the
injection site were FG + . The
scale bar in A is equal to 1 mm,
in B the scale bar is equal to
400 µm and in D it is equal to
200 µm. Abbreviations: BIC
brachium of the inferior colliculus, D dorsal, M medial, SC
superior colliculus, v ventral
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Large injections of FG in the MGB that included the
mMG, dMG and vMG (n = 6) resulted in retrograde labeling
of neuronal cell bodies in the IC, DNLL, SOC and contralateral CN (Fig. 1C, D; Fig. 2A, B, Figs. 3, 4, red and orange
contours; Fig. 5A, blue bars; Mansour et al. 2021). In these
6 cases, 36.2 ± 16% (range 19–61%) of neurons in the ipsilateral MNTB were FG + (~ 2192 neurons/brain). In contrast,
we found only 17.1 ± 5% of neurons in the ipsilateral LNTB
were FG + (~ 360 neurons/brain). Contralateral to the injection, only 0.6 ± 0.8% of MNTB neurons (~ 38 neurons/brain)
and 3.9 ± 2.3% of LNTB neurons were FG + (~ 82 neurons/
brain). In contrast, injections of FG in and around the MGB
that did not include vMG resulted in fewer FG + neurons in
the ipsilateral MNTB (Fig. 3, blue contours; Fig. 5). Specifically, large injections of FG limited to the dMG/SG, SG/
mMG or mMG resulted in retrograde labeling of only 3–9%
of MNTB neurons ipsilateral to the injection (Fig. 5A). A
summary map of the proportion of retrogradely labeled
MNTB neurons (red shading) after the 6 large FG injections
is plotted by injection sites in Fig. 5B.
Focal injections of FG were made in the MGB to clarify
specific targets of the MNTB (Fig. 2C, D). Focal deposits
Fig. 2  FG injection sites and
retrograde labeling in the
MNTB. Shown in A is a large
(2 × 100 nl) injection site in
the right MGB. The tracer
deposit is centered in the vMG
but extends into the dMG and
mMG. Shown in B is FG labeling the ipsilateral MNTB from
this injection site. Shown in C is
a focal injection of FG (60 nl),
where tracer is mainly limited
to the vMG. Shown in D is FG
labeling in the MNTB from this
injection. The scale bar in A is
equal to 400 µm and the scale
bar in B is equal to 200 µm.
Abbreviations: cp cerebral
peduncle, D dorsal, M medial,
PP peripeduncular nucleus, SN
substantia nigra

13

Experimental Brain Research (2022) 240:3217–3235

of FG in the vMG (Fig. 4, red contours) resulted in retrograde labeling in 81.5 ± 2.5% of MNTB neurons ipsilateral
to the injection (~ 5140 neurons/brain; Fig. 5A, top gray
bar). A small FG deposit that included the dMG and vMG
resulted in retrograde labeling in 15% of ipsilateral MNTB
neurons (Fig. 4, orange arrowhead). Small FG deposits that
included the SG/mMG/dMG/vMG resulted in retrograde
labeling of only 1–9% of MNTB neurons ipsilateral to the
injection (Fig. 5A). However, focal injections that did not
include the vMG resulted in retrograde labeling in less than
5% of MNTB neurons ipsilateral to the injection (Fig. 4, blue
contours; Fig. 5A).
To explore the possibility that MNTB neurons might be
taking up FG from cerebrospinal fluid (Vetter and Mugnaini
1990) or from leakage of FG at needle penetrations, control
injections were made into the subarachnoid space. FG injections made through the tympanic cavity into the prepontine
cistern (Fig. 6A) or between the dura and cerebral cortex
(Fig. 6B) resulted in no FG + neurons in the MNTB or SOC
nuclei ipsilateral or contralateral to the injection.
Since CB expression is one of the hallmark features of
MNTB principal neurons (Matsubara 1990; Kelley et al.
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Fig. 3  Proportion of retrogradely labeled MNTB neurons after large
MGB injections. Large injection sites are plotted, and color coded by
the resulting proportion of FG + MNTB neurons. Injection sites that
missed the vMG (blue contours) resulted in FG labeling in less than
10% of MNTB neurons. Injections centered on the vMG resulted in

the highest proportion of FG + MNTB neurons (orange and red contours). The red injection site indicated by black arrowheads is further
analyzed in Fig. 7. The scale bar in A is equal to 400 µm. Abbreviations: D dorsal, M medial, SC superior colliculus

1992; Friauf 1993, 1994) we examined CB expression in
MNTB neurons retrogradely labeled from the MGB. In the
cases with large FG injections (Fig. 3, red and orange contours), 36% of ipsilateral MNTB neurons were retrogradely
labeled from the MGB (see above). In these animals, we
found that 86.7 ± 2.8% of FG + MNTB neurons were also
CB + (i.e., triple labeled: NT/FG/CB; Fig. 7A–D); the
injection site for the case shown in Fig. 7 is indicated by
the black arrowhead in Fig. 3. We additionally examined
CB immunolabeling in sections from one of the focal FG
injections restricted to the vMG with the highest proportion of FG + MNTB neurons (the injection site for this case
is indicated in Fig. 4, red arrowhead). In this particular
case, 84 ± 2.6% of MNTB neurons were FG + and of these,
96.7 ± 0.9% were CB + . In this sample, we found no clear
localization pattern of CB immunonegative/FG + MNTB
neurons.
To further characterize a projection from the MNTB
to the ipsilateral MGB, we made small injections of the
anterograde tracer fBDA into the MNTB (n = 7; Fig. 8A).

These restricted deposits of fBDA in the MNTB resulted in
a small proportion of labeled MNTB cell bodies and axons.
In three of these cases, labeled axons were traced into the
trapezoid body (tz; Fig. 8A) toward the cochlear nuclei and
retrogradely labeled cell bodies were found in both the ipsilateral and contralateral ventral cochlear nucleus, consistent
with projections from globular and spherical bushy cells.
Such retrograde transport of fluorescent dextrans is consistent with previous reports (Glover 1995). Numerous labeled
axonal profiles could be traced from the MNTB toward the
ipsilateral SPON and LSO. Within the LSO, axons (Fig. 8B,
green arrowheads) could be traced to form perisomatic
arrays around cell bodies (Fig. 8B, white arrowheads). Rostral to the SOC, labeled axons were found in the ipsilateral
LL (Fig. 8C, D, green arrowheads; Fig. 9A, B) and these
axons formed terminal fields in the VNLL (Fig. 8C, D, white
boxes) often from branches emerging perpendicular to the
parent axon (Fig. 8D, white arrow). Within the LL, fBDAlabeled axons (n = 33) had a mean diameter of 0.9 ± 0.3 µm
(range 0.35–1.6 µm; Fig. 9D). The rostral LL, at the level
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Fig. 4  Proportion of retrogradely labeled MNTB neurons after focal
MGB injections. Injection sites are plotted, and color coded by the
resulting proportion of FG + MNTB neurons. Injections centered
on the vMG resulted in the highest proportion of FG + MNTB neurons (red contours). Injection sites only partially covering the vMG
or missing the vMG resulted in markedly lower percentages of

FG + MNTB neurons. The injection site indicated by the orange
arrowhead (center row) included the dMG and vMG and resulted in
FG labeling in only 15% of MNTB neurons ipsilateral to the injection. The scale bar in A is equal to 400 µm. Abbreviations: D dorsal,
M medial, SC superior colliculus

of the external cortex of the inferior colliculus (ECIC) and
brachium, included the densest collections of labeled axons
(Fig. 9A,B), and the axons were arranged mainly along the
medial aspect (paralemniscal region) of the LL. There was
no DNLL present at these levels; however, examination of
more caudal sections did reveal labeled axons medial to
the DNLL. Labeled axons occasionally intermingled with
DNLL neurons and coursed along the ventral and lateral
aspects of the CNIC and ECIC but no boutons were found
in any of these locations. Labeled axons were traced through
the brachium of the inferior colliculus and into the nucleus
of the brachium (NBIC; Fig. 8E). Here, axons gave rise to
terminal arrays of puncta within the NBIC (Fig. 8E, white
boxes). Labeled axons were finally traced into the ipsilateral
MGB (Fig. 8F, green arrowheads). With the current data set,
we cannot rule out the possibility that a subset of MNTB
neurons project to the NBIC but not the vMG. Within the
vMG labeled axons gave rise to en passant and terminal
boutons (Fig. 8F, white boxes). When terminal fields were
recovered in the vMG, they were extensive, and appeared

to contact multiple cell bodies (Fig. 8F). In all of the cases
with fBDA injections in the MNTB, labeled axons were
only recovered in the region of the MGB shown in red in
Fig. 9C. No labeled axons or terminal boutons were found
in the dMG.
We then examined the distribution of the glycine receptor
(α1 + α2) in the MGB. The majority of neurons in the vMG
and many neurons in the dMG were associated with granular
immunolabeling for GlyR (Fig. 10A). Many vMG neurons
were associated with dense granular GlyR + immunolabeling
(Fig. 10D, white arrows). However, there were occasional
vMG neurons with only sparse or no GlyR + immunolabeling (Fig. 10D, white arrowhead). Many neurons in the dMG
were also associated with GlyR + puncta (Fig. 10A). Labeling for the GlyR was relatively light in the mMG (Fig. 10C).
By comparison, SPON neurons which receive a dense glycinergic innervation from the MNTB, also show heavy
granular GlyR + immunolabeling (Fig. 10C, arrowheads).
To fully appreciate the size and proportion of the
MNTB projection to the MGB, we re-examined data from
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Fig. 5  Summary of retrograde labeling experiments. Shown in A is
a summary of the proportion of retrogradely labeled MNTB neurons
after large (blue) and focal (gray) injections of FG in the thalamus.
The highest proportions were found after injections that included the
vMG. Injection sites that did not include the vMG resulted in retrograde labeling in less than 10% of MNTB neurons. Shown in B is a

heat map of the large FG injections sites color-coded by the proportion of FG + MNTB neurons. The highest proportion of FG labeling
was seen after FG injections limited to the ventral and lateral aspect
of the vMG. The scale bar in B is equal to 400 µm. Abbreviations:
D dorsal, M medial, PP peripeduncular nucleus, SG suprageniculate
nucleus

our studies of thalamic projections from the VCN and SOC
nuclei (Mansour et al. 2021; Mansour and Kulesza 2021;
Table 1). These data are derived from the 6 large injection
sites shown in Fig. 3 (orange and red contours; covering
the vMG, mMG and dMG). In column A, we list the total
estimated number of neurons in each of the SOC; in B we
list the percentages of neurons in each nucleus retrogradely
labeled from FG injection in the right MGB. Column C
shows a calculation of the total number of neurons in each
nucleus projecting to the MGB. Altogether, about 5,178
SOC neurons project to the right MGB. In column D, we
calculate the total percentage contributed by each nucleus
to the thalamic projection. This calculation indicates that
the MNTB contributes about 44% of the SOC neurons
projecting to the MGB. Finally, we examined ascending
projections from the rat SOC to determine if any nuclei
preferentially target the MGB over the CNIC. To do this,
we calculated the difference in MGB and CNIC projections for each SOC nucleus from our previously published
data (i.e., MGB % minus CNIC %; Fig. 11; Zimmerman
et al. 2020; Mansour et al. 2021; Mansour and Kulesza
2021). As expected, projections from the ipsilateral LSO,
MSO and SPON to the CNIC outnumber projections to the
MGB by 44–76% (Fig. 11). Exceptions to this IC > MG
projection pattern are found in the DMW and MNTB
(Fig. 11, green contours). Specifically, less than 2% of

MNTB neurons project to the ipsilateral CNIC but most
of these neurons project to the MGB.

Discussion
This study provides the first evidence for a prominent
ascending projection from rat MNTB principal neurons to
the auditory thalamus. Injection of the retrograde tracer FG
in the vMG resulted in consistent retrograde labeling in the
ipsilateral MNTB and injection of the anterograde tracer
fBDA in the MNTB resulted in labeled axons and boutons
in the MGB. Injections of FG into the subarachnoid space
failed to produce any evidence of aberrant FG uptake and
CNIC injections failed to produce any evidence of transsynaptic transport of FG into MNTB neurons (from SPON
or LSO neurons). A projection from the MNTB to the MGB
has been at least implicated in other species. Specifically,
retrogradely labeled MNTB neurons were found after injections of retrograde tracers in the MGB in ferrets (Angelucci
et al. 1998) and guinea pigs (Schofield et al. 2014b). In
guinea pigs, however, this projection was limited to MNTB
neurons with small, elongate cell bodies (Schofield et al.
2014b), suggesting these labeled neurons were not MNTB
principal neurons. Again, CB expression is one of the hallmark features of MNTB principal neurons (Matsubara,
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Fig. 6  FG uptake from CSF. Shown in A is the right SOC from an
animal that received a large deposit of FG in the prepontine cistern
surrounding the caudal brainstem on the right. The region indicated
by the white dashed rectangle is shown enlarged in B. The yellow
arrowheads in B indicate trace FG labeling in the neuropil along the
ventral aspect of the brainstem and the white arrowhead indicates an

FG-containing cell. Shown in C is the right SOC from an animal that
received a large deposit of FG in the CSF dorsal to the cerebral cortex
at the rostrocaudal level of the MGB. No FG + neurons were found in
the MNTB following these control injections. The scale bar in B and
C is equal to 200 µm. Abbreviations: D—dorsal, M—medial

1990; Kelley et al. 1992; Friauf, 1993, 1994) and combining FG injections with CB immunolabeling revealed that
nearly all FG + MNTB neurons were also CB + . This finding supports the interpretation that the MNTB projection
to the vMG arises from principal neurons, at least in rats.
This novel projection from MNTB principal neurons to the
vMG that bypasses the CNIC in rats is intriguing for several
reasons. First, such a projection challenges the concept that
the IC is an obligatory relay for ascending auditory information. Second, previous studies suggest that the MGB lacks
markers consistent with glycine neurotransmission (glycine + puncta, glycine transporters (GLYT2], glycine receptors; discussed further below). Finally, our recent studies
suggest the ascending projection from the SOC to the MGB
is almost entirely inhibitory (see below).
While the IC is considered an obligatory relay station for
auditory information ascending along the lemniscal pathway, a pathway from auditory brainstem that bypasses the
IC but targets the superior colliculus and thalamus has been
described (Cajal 1911; Papez 1929). The axons in this tract
course medial to the LL in the central acoustic tract (Papez
1929; Casseday et al. 1989). Behavioral and physiological
experiments suggest this pathway runs separate from the

brachium of the inferior colliculus en route to the thalamus
(Galambos et al. 1961; Goldberg and Neff 1961). A projection from the nucleus of the central acoustic tract has been
described in the mustache bat that ascends medial to axons
of the LL, courses ventral to the IC and medial to the BIC to
reach the superior colliculus and SG (Casseday et al. 1989).
Axons in the central acoustic tract do not appear to target the
VNLL and INLL. While the projection in the central acoustic tract is similar to the MNTB projection we describe here
in that they course medial to the LL and bypass the IC, there
are differences. First, the MNTB projection does target the
VNLL and INLL (Spangler et al. 1985; Sommer et al. 1993;
Smith et al. 1998; Kelly et al. 2009). Second, MNTB axons
course through the BIC and innervate the NBIC. Finally,
based on our current data, the MNTB does not appear to
send a significant projection to the SG.
We recently quantified projections from the VCN,
SOC nuclei and DNLL to the MGB in Sprague–Dawley
rats. Considering previous work on SOC projections to
the CNIC, we aimed to provide some perspective on the
discrepant projections to the CNIC and MGB in rats. Our
data suggest that only 1–2% of MNTB neurons project to
the CNIC, while 53–82% of MNTB neurons project to the
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Fig. 7  MNTB neurons projecting to the thalamus are CB + . Shown in
A through D is a single triple-labeled section through the SOC of the
animal that received the FG injection indicated by the black arrowheads in Fig. 3. The image in A shows labeling with red fluorescent
Nissl stain (NT), the image in B shows FG labeling pseudocolored
magenta and image C shows CB immunolabeling. The image shown

in D is an overlay of the images shown in A–C. The rectangular
region indicated in A–D is enlarged and shown in Fig d. Cells that
are magenta/white are FG + . The white arrowheads indicate MNTB
neurons that are both CB + and FG + . The green arrowheads indicate
neurons that are CB + but FG negative. The scale bar in A is equal to
200 µm

MGB (Fig. 12). Furthermore, our recent work suggests
that most SOC projections attenuate over distance—in
each of the SOC nuclei, fewer neurons project to the MGB
compared to the IC (Zimmerman et al. 2020; Mansour
et al. 2021; Mansour and Kulesza 2021). However, this
report provides data showing that more MNTB neurons
project to the MGB than the CNIC and further that the
MNTB forms the largest thalamic projection of the SOC
nuclei (Table 1). The SPON contributes about 10% of
the olivogeniculate projection and the DMW contributes
nearly 25% of this projection. Nearly 76% of the SOC projection to the MGB arises from three nuclei, the MNTB,
SPON and DMW. However, only about 6% of the olivogeniculate projection arises from the LSO and MSO—94%
of the olivogeniculate projection arises from non-principal
nuclei. In rat, SPON neurons are GABAergic (Kulesza
and Berrebi 2000), and MNTB neurons are glycinergic
(Moore and Caspary 1983; Wenthold et al. 1987). While

the neurotransmitter profiles of neurons in DMW have not
been directly studied, they appear GABAergic but may colocalize glycine (see Fig. 2 in Kulesza and Berrebi 2000).
Taken together, these data suggest that in rats, the olivogeniculate projection is almost entirely inhibitory.
Our recent data confirm previous findings that nearly all
rat SOC nuclei project to the CNIC to some degree (Beyerl
1978; Druga and Syka 1984; Kelly et al. 2009; Saldaña et al.
2009; Zimmerman et al. 2020). Furthermore, recent studies indicate all SOC nuclei send at least a minor projection
to the MGB (Schofield et al. 2014b; Mansour et al. 2021;
Mansour and Kulesza 2021). For most SOC nuclei, neurons
projecting to the CNIC outnumber those projecting to the
MGB, although most axons reaching the MGB have collaterals destined for the IC (Schofield et al. 2014b). Our results
show, that in rats, the MNTB and DMW provide unique
ascending projections that preferentially targets the thalamus
over the CNIC (Fig. 11).
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Fig. 8  Anterograde tracing from the MNTB. Figure A shows an
injection site of fBDA (pseudo-colored yellow) in the right MNTB.
The needle injection tract is indicated by a white asterisk; labeled
axons are found in the trapezoid body (tz). Shown in B are labeled
axons (yellow arrowheads) in the ipsilateral LSO; LSO neurons associated with perisomatic puncta are indicated with white arrowheads.
Shown in C and D are labeled axons ascending in the ipsilateral LL
(yellow arrowheads). Areas with axon terminals are highlighted with
white boxes. In D, axons ascending along the LL are indicated with
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yellow arrowheads and branches running perpendicular to the LL are
indicated with white arrows. Figure E shows labeled axons (yellow
arrowheads) and terminals (white boxes) in the nucleus of the brachium of the inferior colliculus (NBIC). Figure F shows axons and
terminal fields in the ipsilateral vMG. Axons are indicated by yellow
arrowheads and terminals field are highlighted by the dashed white
boxes. The scale bar in A is equal to 500 µm; the scale bars in B–F
are equal to 40 µm. Abbreviations: D—dorsal, M—medial
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Fig. 9  Course of MNTB axons. Shown in A is a schematic of the rostral midbrain with the LL, rostral VNLL and brachium. The region
highlighted in the black dashed box in A is shown enlarged in B;
anterogradely labeled axons are depicted in red. These axons coursed
through the VNLL, often forming en passant and terminal boutons,
medial to the main bundles of the LL. In the seven animals that

received injections of fBDA in the MNTB, labeled axons were only
found in the region of the ipsilateral MGB indicated by the red contour in C. The diameter of anterogradely axons in the LL is shown in
D. The scale bars are A—1 mm; B and C—100 µm. Abbreviations:
D—dorsal, M—medial, PAG—periaqueductal gray, PN—pontine
nuclei, SC—superior colliculus

We observed a discrepancy in the proportion of MNTB
neurons labeled from large and focal FG injections. In the
six large FG injections, we found that 36% (range 19–61%)
of MNTB neurons were retrogradely labeled (Fig. 3, red
and orange contours). However, we had two focal injections in the vMG that resulted in retrograde labeling in
72–84% of MNTB neurons. There are several possible
explanations for this discrepancy. First, it is possible that
these two small injections sites are centered, and FG is
concentrated, in the vMG territory most heavily targeted
by MNTB axons. Our anterograde experiments support
this possibility. In addition, the large injections include
two deposits of FG separated by a depth of 0.8 mm. The
lower/ventral deposit was typically centered in the vMG,
but tracer often spread into the mMG and PP. The upper/
dorsal deposit was often outside the borders of the vMG
(in the dMG). Furthermore, the larger deposits likely have
more diffusion of tracer from the injection site. Together,
these factors might result in lower than predicted volumes
of FG in the vMG after large deposits. Finally, it was more
common to find tissue damage at the injection site after a
large injection, likely because of the large volume of the
deposit. It is possible this tissue damage impacted uptake
of tracer by axon terminals and resulted in lower percentages of retrogradely labeled neurons in the MNTB and

SOC. Regardless, we believe that the large FG injections
may underestimate the MNTB to vMG projection.
Injections of fBDA in the MNTB resulted in labeled
axons in the LL near the rostral end of the VNLL. Consistent with previous studies utilizing the retrograde tracer FG,
we identified labeled axons and boutons in the VNLL, but no
boutons in the DNLL or CNIC (Kelly et al. 2009). Anterogradely labeled axons in the LL had an average diameter
less than 1 µm. Axons of this diameter and location were
previously identified as arising from the MNTB (Saldaña
et al. 2009). Although we also find fBDA labeling in bushy
cells, these neurons do not project beyond the lower VNLL
(Smith et al. 1991. 1993). Our fBDA injections were small
to prevent spread of tracer into the DMW, SPON or trapezoid body. Consequently, these injections labeled a small
percentage of MNTB neurons. Nonetheless, the anterograde
experiments are consistent with the retrograde studies and
support a projection from MNTB principal neurons to the
vMG. However, the limited number of MNTB injections
discussed in this report are not sufficient to characterize the
density or topography of this projection—further characterization will be required.
In rat, the MNTB projection to the SPON, MSO and
LSO has a clear topographic arrangement (Banks and Smith
1992). Specifically, neurons in the lateral (low frequency)
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Fig. 10  GlyR immunolabeling in the MGB. Immunolabeling for α1
and α2 subunits of the glycine receptor in the MGB is shown in A.
GlyR immunolabeling is shown in cyan and fluorescent Nissl stain is
shown in magenta (NT). Within the MGB, the heaviest GlyR immunolabeling was found in the ventral lateral vMG and lateral dMG;
labeling in the mMG and SG was sparse. The regions indicated with
white boxes are shown at higher magnification in B–D. The white

arrowheads indicate neurons with dense perisomatic GlyR immunolabeling. The yellow arrows indicate neurons with very little or no
GlyR labeling. GlyR labeling in the dMG is shown in B, the mMG
is shown in C and the vMG is shown in D. The scale bars in A and
D are equal to 100 µm. Abbreviations: D—dorsal, M—medial, VG—
ventral geniculate

Fig. 11  Differential projections to the CNIC and MGB. Shown in
A (contralateral) and B (ipsilateral) are heatmaps of the SOC nuclei
coded by the difference in each cell group’s projection to the CNIC
and MGB. The percentage values shown in the figure are calculated
by the % of neurons that project to the MGB minus the % that project to the CNIC. Nuclei that have larger projections to the CNIC are
colored in red and have negative values. Those nuclei that have larger

projections to the MGB are colored in green and have positive values. Most nuclei have larger projections to the CNIC, except for the
ipsilateral DMW and MNTB. The ipsilateral MNTB had virtually no
projection to the CNIC but a robust thalamic projection and in fact,
the MNTB had the largest MGB projection among any of the SOC
nuclei (see Table 1)
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Fig. 12  Summary of rat MNTB projections. Input from the contralateral VCN by way of globular bushy cells and the calyx of Held
is shown in green. The rat MNTB sends local projections within the
SOC to the SPON, MSO and LSO as well as the ipsilateral VCN,
VNLL and INLL. The rat MNTB does not project to the DNLL or
CNIC but does project to the ipsilateral vMG. The scale bar is equal
to 1 mm
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MNTB target the MSO and lateral limb of the LSO and neurons in the medial (high frequency) MNTB target the medial
SPON and LSO and bypass the MSO. Based on these findings, we hypothesize the MNTB to vMG projection would
also be topographic/tonotopic. However, we found no clear
localization of retrogradely labeled MNTB principal neurons
in our injections. We believe our large injection sites and the
spacing of our small injections did not yield data adequate to
investigate this hypothesis. Furthermore, our injections were
biased toward the rostrocaudal center of the MGB and the
MNTB projection clearly targets this region. Further tracing experiments will be needed to determine if there are any
gradients of the MNTB projection along the medial–lateral
or rostrocaudal axes.
The role of glycinergic input to the MGB has received
very little attention. This likely resulted from several studies
that reported a lack of markers for glycinergic neurotransmission in the medial geniculate (glycine in bats: Winer et al.
1995; glycine receptor in bats: Fubara et al. 1996; glycine
receptor in rats: Friauf et al. 1997). It is worth noting that the
antisera used in the rat study was directed against only the α1
subunit of the glycine receptor—this, together with it being
a different antibody may explain the lack of GlyR labeling
in the MGB. However, the glycine transporter (GLYT2) has
been localized to the MGB. Specifically, GLYT2 immunoreactive axons were found in the medial and lateral aspects
of the rat MGB with an adult pattern of labeling as early as
P28 (Friauf et al. 1999). Interestingly, an in vivo study of
the cat medial geniculate revealed that iontophoretic application of glycine decreased responses in 94% of neurons and
application of strychnine blocked the inhibitory action of
glycine (Tebecis 1970). This latter finding provides evidence
for the presence of the strychnine-sensitive, post-synaptic
glycine receptor on MGB neurons. Our results show dense
labeling for the glycine receptor subunits α1 and α 2 in the
vMG and dMG with sparse labeling the SG and mGM. We
interpret these findings to be consistent with the presence of
glycinergic terminals in the MGB and that glycine released
by these terminals acts through post-synaptic glycine receptors. Beside the MNTB, there are several possible sources of
glycine to the MGB. While the cochlear nucleus is a major
source of subcollicular input to the MGB, the glycinergic
neurons (e.g., cartwheel cells in the dorsal cochlear nucleus,
L-stellate cells in the VCN), do not appear to make this projection (Wenthold et al. 1987; Malmierca et al. 2002; Anderson et al. 2006; Fredrich et al. 2009; Schofield et al. 2014a;
Ngodup et al. 2020). Glycinergic neurons in the VNTB and
LNTB are also smaller, potential sources (Schofield et al.
2014b; Mansour et al. 2021; Mansour and Kulesza 2021). In
guinea pigs, the LSO sends a small projection to the MGB
and this arises mainly from the contralateral LSO (Schofield
et al. 2014a). In rats, the LSO also sends a small projection to the MGB that is slightly larger from the ipsilateral
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side (Mansour et al. 2021). The projection from the LSO
to the ipsilateral CNIC is mainly glycinergic (Saint Marie
et al. 1989; Glendenning et al. 1981; Fredrich et al. 2009)
and we hypothesize the same for the small MGB projection.
Nonetheless, the LSO is likely a minor source of glycine
to the MGB. Finally, it seems that at least in guinea pigs,
the VNLL projects to the MGB (Schofield et al. 2014a).
Most neurons in the cat VNLL are glycinergic and many colocalized GABA (Saint Marie et al. 1997). Likewise, about
two-thirds of VNLL neurons in rat colocalize GABA and
glycine (Riquelme et al. 2001) and co-release of these neurotransmitters has been characterized from VNLL terminals in
the mouse CNIC (Moore and Trussell 2017). Together, these
findings suggest the VNLL is likely another major source of
glycinergic input to the MGB. Regardless, the origin, distribution across MGB subdivisions, and function of glycinergic
input to the auditory thalamus requires further study.
The vMG is the main relay from the CNIC to primary
auditory cortex (Rose and Woolsey, 1949; Winer et al. 1977;
Andersen et al. 1980; Rouiller and de Ribaupierre 1985;
Vasquez-Lopez et al. 2017). Therefore, glycinergic inputs
to the vMG would appear to directly impact processing of
auditory information in the thalamus and relay of this information to the primary auditory cortex. The thalamic projections from the dorsal and ventral cochlear nuclei appear
to be directed toward the mMG (Malmierca et al. 2002;
Anderson et al. 2006; Schofield et al. 2014a) and originate
from T-stellate cells and are, therefore, likely glutamatergic
(Schofield et al. 2014a). If this is indeed the case, thalamic
projections from the cochlear nuclei are not directly influencing information directed to the primary auditory cortex
(Vasquez-Lopez et al. 2017). The most obvious function of
direct projections from the cochlear nuclei and SOC is to
provide fast input to the auditory thalamus (Schofield et al.
2014b). Accordingly, the MNTB would appear to provide a
fast, glycinergic input to the vMG. The main input to MNTB
principal neurons is from globular bushy cells in the contralateral VCN via the calyx of Held (Harrison and Irving
1964; Morest 1968a, b; Kuwabara et al. 1991; Smith et al.
1991). Glycinergic inputs from the MNTB to the MSO arrive
before glutamatergic inputs from the VCN, despite an extra
synapse (Grothe 1994; Grothe and Sanes 1994; Roberts et al.
2014). Rat MNTB principal neurons have spontaneous discharge rates of 20–30 spikes/sec and respond to pure tones
with precise temporal patterns; at the sound offset MNTB
neurons exhibit a short window of inactivity followed by a
return to spontaneous activity (Kulesza et al. 2003, 2007;
Kadner et al. 2006, 2008; Kopp-Scheinpflug et al. 2008).
Accordingly, the MNTB would serve as a substantial source
of a fast, tonic glycinergic inhibition to the rat vMG. This
inhibitory input from the MNTB likely reaches the vMG
before any other lemniscal inputs, but more importantly provides a sustained inhibition that is relieved only at the sound
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offset. Since MNTB responses are driven by GBC input,
this projection maintains the precision of auditory nerve and
VCN inputs but uses an inhibitory neurotransmitter acting
on an ionotropic receptor. A projection to the vMG without
collaterals to the CNIC is unique among neurons in the CN,
SOC and NLL and the reason the rat MNTB projects in this
pattern is unclear. The speed and precision of the GBC input
and MNTB responses suggesting that maintaining timing
of this glycinergic input is important for at least a subset of
vMG neurons (see below). Since the CNIC sends its major
projection to the vMG, it seems possible that the MNTB
projecting to both targets would disrupt timing of the vMG
responses influenced by MNTB inputs.
The best characterized projections of MNTB principal neurons are within the SOC; however, there are projections to the ipsilateral VCN (guinea pig: Schofield,
1994), VNLL and INLL (Spangler et al. 1985; Sommer
et al. 1993; Smith et al. 1998; Kelly et al. 2009; summarized in Fig. 12). In particular, MNTB projections to
the MSO and LSO play essential roles in coding sound
source localization (Zarbin et al. 1981; Moore and Caspary
1983; Kuwabara and Zook 1992; Grothe and Sanes 1993;
Kapfer et al. 2002). The MNTB also plays an important
role in coding temporal information through a projection
to the SPON. Glycinergic inhibition from the MNTB creates temporally precise rebound responses in the SPON
that code the sound offset, duration and intensity (Kulesza
et al. 2003; Kadner et al. 2006); blocking the glycinergic
input with strychnine increases spontaneous activity and
abolishes offset responses (Kulesza et al. 2003). Interestingly, about 8% of neurons in the rabbit vMG respond to
auditory stimuli with offset responses and 3% of neurons
respond to pure tones with on/off responses (Cetas et al.
2002). Similar offset-type responses have been found in
and around the vMG of other species (guinea pig: Yu et al.
2004; cat: Aitkin and Prain 1974, mouse: Anderson and
Linden 2016). We hypothesize that the MNTB input to the
vMG functions, at least in part, to create responses timed
to the stimulus offset.

Conclusions
Our findings of retrogradely labeled MNTB neurons from
the vMG, anterogradely labeled axons from the MNTB in
the LL and vMG along with the presence of the glycine
receptor in the vMG support the existence of a fast, long
range, glycinergic projection from the MNTB to the thalamus. Furthermore, our data suggest that this projection does
not involve collateral projections to the midbrain, challenging the view of the CNIC as an obligatory relay for auditory
information.
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